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Abstract
A prior analysis of the effect of steady cross wind on full size cars or models must be conducted when
dealing with transient cross wind gusts effects on automobiles. The experimental and numerical tests pre-
sented in this paper are performed on the Willy square-back test model. This model is realistic compared
to a van-type vehicle; its plane under-body surface is parallel to the ground and separations are limited to
the base for moderated yaw angles. Experiments were carried out in the semi-open test section at the Con-
servatoire National des Arts et Métiers (CNAM) and computations were performed at the Ecole Centrale
de Nantes (ECN). The ISIS-CFD flow solver, developed by the CFD Department of the Fluid Mechanics
Laboratory of ECN, used the incompressible unsteady Reynolds-Averaged Navier-Stokes equations. In this
paper, the results of experiments obtained at a Reynolds number of 0.9 106 are compared with numerical
data at the same Reynolds number for steady flows. In both the experiments and numerical results, the
yaw angle varies from 0◦ to 30◦. The comparison between experimental and numerical results obtained
for aerodynamic forces, wall pressures and total pressure maps shows that the unsteady ISIS-CFD solver
correctly reflects the physics of steady three-dimensional separated flows around bluff bodies. This encour-
aging result allows us to move to a second step dealing with the analysis of unsteady separated flows around
the Willy model.
Keywords: Generic Car Body; Numerical Simulation; Experimental Data; Crosswind Effect; Vehicle
Aerodynamics.
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1 Introduction
As passenger vehicles become lighter to reduce fuel consumption, the stability and handling characteristics
become more sensitive to aerodynamic forces. Moreover, a vehicle on the road is submitted to a non uni-
form turbulent atmospheric flow and transient cross winds. These phenomena, such as passing or crossing
maneuvers, are factors in the vehicle’s dynamic stability [1].
From an experimental point of view, the cross wind effect has already been studied and several tech-
niques allow the reproduction of a side gust of wind in a wind tunnel. For Baker and Humphreys [2],
Macklin et al [3], this reproduction was obtained by propelling the model on a rail crossing the test section
of the wind tunnel. Ryan and Dominy [4] experimented on a generic hatchback model and used a technique
where the side wind was produced by a cross jet. Another technique consists of using oscillating airfoil sec-
tions positioned upstream of a stationary model [5]. Many experimental studies of cross wind were carried
out on car models [4–7], and lorry models [6,8], and real cars were also used in several studies [9,10]. The
approach retained here consists in submitting the model to a periodic movement in a steady wind [11]. This
approach does not directly simulate the side gust of wind but it permits the analysis of the phenomena of
phase shifting and hysteresis associated with an unsteady wind [12].
Numerical simulation is well integrated in the automotive industry, and is now an engineering tool used
in parallel with experiments performed during the design process of road vehicles. Much fundamental
research is performed on the Ahmed body which includes most of the aerodynamic features found on a real
car. This simplified vehicle geometry has been widely used in a large number of experiments [13, 14] and
many numerical simulations have been performed at zero yaw angle to evaluate CFD tools and their ability
to predict drag and lift for several rear slant angles [15–20]. To date, most of the numerical simulation of
the side wind effects on road vehicles are performed on trucks [21, 22] and on trains [23, 24]. In all these
numerical studies, several methods were used to model turbulence: classic turbulence models such as k-ε,
the Detached Eddy Simulation (DES) or Large Eddy Simulation (LES) and even the Lattice Boltzmann
approach. In this study, we will attempt to show that CFD can be used for industrial applications, such as
complex geometries, while not being too high in term of CPU time. We use Reynolds-Averaged Navier-
Stokes (RANS) simulations instead of LES, since the CPU time is between four and five time higher for
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LES than for RANS. Another factor in our decision is the fact that LES is not yet sufficiently mature to be
used to obtain design quantities, such as drag, in the external aerodynamics of ground vehicles [19] since
such techniques require a fine resolution in the near-wall regions that leads to grids with a large number of
points. Several approaches that reduce resolution requirements by modeling the near-wall region, such as
the hybrid methods, so-called hybrid LES-RANS or DES, are still not fully developed and several problems
remain to be solved, such as the choice of a turbulence model, and the question of where to put the matching
line between the RANS and LES regions. Once these problems have been solved, these techniques will be
available for use in vehicle aerodynamics.
The research presented in this paper is the first step toward a more general goal which is the analysis
of numerical simulations, based on RANS equations approaches, to calculate the evolution of aerodynamic
characteristics of passenger vehicles as a function of unsteady situations such as passing, crossing, or the
presence of an unsteady gust of wind. The approach is based on the comparison of experimental data
with numerical data obtained on a new car model (Willy car model) which was tested for unsteady condi-
tions [12].
The goal of the current project is to understand the physics of separated flow around bluff bodies with
application to side gust wind effects on automobiles. We found that a generic model with no sharp corners
on the fore body and a square base was more convenient for analysing unsteady separations limited to its
leeward side and base. An alternative would be to use the generic Ahmed body which is built around a
rectangular box with a vertical front end, parallel sides, roof and underbody, and a rear slant. This model is
very useful for analysing the total drag by its segmentation into the contribution of each part of the body [1]
and is commonly used as a basic body for the comparison of CFD approaches. Many results show that there
are large separations at the level of the parallel sides and roof [13]. These separations interact with the base
flow and make the analysis of effects of the base slant angle variations more difficult. For these reasons, we
did not choose the Ahmed body, preferring a model with no sharp corners.
In this paper, we study the aerodynamic characteristics of the Willy model in a steady cross wind. The
technique used to simulate this condition is to yaw the model relative to the freestream flow above a fixed
ground plane. The results presented here deal with the analysis of steady flows for various yaw angles β
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from β= 0◦ to β = 30◦. The value β = 30◦ corresponds to a side wind equal to half the value of the vehicle
velocity.
2 Test Model
Experimental and numerical tests are performed on the square-back Willy test model which was designed
to satisfy the following criteria:
• The geometry is realistic, compared to a real vehicle,
• The model’s plane underbody surface is parallel to the ground,
• The separations are limited to the region of the base for a moderated yaw angle, i.e. β = 10◦.
The digital definition of the model for the axis (X, Y, Z) is analytical and obtained by combining the
following elements, see Figure 1:
1. A NACA mean line (A) of chord Ch and geometric factor a = 1. The maximum camber of this mean
line is located at mid chord, X/Ch = 0.5. Its generic equation is, see von Doenhoff [25]:
Y = 0
Z = − 1
4pi
[(
1− X
Ch
)
ln
(
1− X
Ch
)
+
X
Ch
ln
X
Ch
] (1)
In Figure 1(a), which describes the side view of the model, the origin of the mean line (A) is Om, and
point M is the location of its maximum camber, at a distance of Lm = Ch/2 from Om. The value of
the camber is Ca.
2. A Rankine half-body with a downstream diameter φ. The curve (B), which is in the symmetry plane
of the body, is obtained by distributing the thickness of the Rankine body on the mean line (A) in
direction Z. A cross section of the body, obtained at the point M, is given in Figure 1(c). Point b is
the intersection of the curve (B) with the cross section. The curve (abc) is an ellipse, the sides (ga)
and (cd) are vertical and are connected to the horizontal underbody (ef) by quarter circles of radius
R. The points a, M, and c are on the same horizontal line.
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The digital definition of the model allowed the modification of the shape through 4 parameters. These
parameters are p1 = L/φ, where L is the length of the model, p2 = Lm/L with the condition 0.5 < p2 < 1,
p3 = Ca/φ with the condition 0 < p3 < 0.5, and p4 which is the ratio between the axes of the ellipses of the
upper surface. The value of the radius R is defined by:
R
L
=
1−2p3
2p1
(2)
For the model analysed in this work, p1 = 3.3750, p2 = 0.7037, p3 = 0.3050, and p4 = 1.2.
The overall length of the model is L = 675 mm, the width is W = 240 mm, the maximum height is H =
192 mm, and its surface reference is the maximum cross section Sre f = 41791 mm2. The ground clearance
is G = 29 mm and the diameter of the four feet (f) which are used to secure the model to the floor of the
wind tunnel is φ1 = 20 mm. A cylinder (c) with a diameter φ2 = 40 mm is used to protect the pressure tubes
passing from the pressure taps to the multi-manometer. Other dimensions are defined in Table 1.
3 Experimental Set-Up
The description of the model mounted in the Prandtl-type wind tunnel of the CNAM is given in Figures 2.
The semi-open test section of the wind tunnel has a cross section of 1.45 m by 1.45 m and the ground is
fixed. Forces and moments are measured with a six-component balance. The reference axis (Xo, Yo, Zo)
are the Eiffel axis where Xo is parallel to the upstream velocity V0. The Lilienthal axis (X, Y, Z) are linked
to the model. The origin of the axis lies at the point O located on the floor of the model. This point O is the
center of rotation of the model, see Figure 1.
The value of the yaw angle β is positive when the right side of the car model is windward. The turbulence
level at the center of the test section is 2%. The results of the experiments given in this paper are obtained
at a Reynolds number of 0.9 106 based on the velocity V0 and the length L of the model. Force and moment
coefficients are non-dimensionalized by the maximum cross section Sre f of the model, its length L and the
free stream dynamic pressure q0 = 12ρV
2
0 . The drag coefficientCx is given by:
Cx =
Fx
q0 Sre f
(3)
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where Fx is the drag force. The side force coefficient is given by:
Cy =
Fy
q0 Sre f
(4)
where Fy is the side force. The moment coefficient is defined by:
CN =
N
q0 Sre fL
(5)
where N is the moment along the Z axis. Uncertainty in the drag Cx is ± 1.7% and uncertainty in the side
force Cy and in the yawing moment CN is ± 1.9%. Tomographies of total pressure are measured using a
Kiel probe with an external diameter of 6 mm and yaw and pitch ranges of about 40◦. The non-dimensional
total pressure coefficient,Cpi, is given by:
Cpi =
pi0− pi
q0
(6)
where pi0 and pi are respectively the upstream and the local total pressure. For technical reasons, experi-
mental total pressure tomographies are measured in (Yo, Zo) Eiffel planes. Non-dimensional locations of
the tomographies are given in the reference axis Xo and the reference length is the length L of the model.
Wall pressures are measured along the curve (Pt) of the model, see Figures 1(a) and 1(c). The internal
diameter of the pressure taps is 1.5 mm. Pressure coefficientsCp are defined by:
Cp =
p− p0
q0
(7)
where p0 and p are respectively the upstream static pressure and the local pressure. The uncertainty in the
pressure coefficients is estimated to ± 2.2%.
4 Numerics
4.1 Flow Solver
The ISIS-CFD flow solver, developed by the EMN (Equipe Modélisation Numérique) of the Fluid Me-
chanics Laboratory of the Ecole Centrale de Nantes, uses the incompressible unsteady Reynolds-Averaged
Navier-Stokes equations. This solver is based on the finite volume method to build a spatial discretization
of the transport equations.
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The incompressible unsteady Reynolds-Averaged Navier-Stokes equations can be written (using the
generalized form of Gauss’ theorem) as:
∂
∂t
Z
V
ρdV +
Z
S
ρ(−→U −−→U d) ·−→n dS= 0 (8a)
∂
∂t
Z
V
ρUidV +
Z
S
ρUi(
−→
U −−→U d) ·−→n dS=
Z
S
(τi jI j− pIi) ·−→n dS (8b)
where V is the domain of interest, or control volume, bounded by a closed surface S moving at a velocity
−→
U d with a unit outward normal vector −→n . −→U and p are respectively the velocity and pressure fields. τi j
are the components of the viscous stress tensor whereas I j is the identity vector whose components are null,
except for the component j, which is equal to unity.
All flow variables are stored at the geometric center of arbitrary shaped cells. Volume and surface
integrals are evaluated with second-order accurate approximations. The face-based method is generalized
to two-dimensional or three-dimensional unstructured meshes for which non-overlapping control volumes
are bounded by an arbitrary number of constitutive faces. Numerical fluxes are reconstructed on mesh faces,
by linear extrapolation of integrand from the neighboring cell centers. A centered scheme is used for the
diffusion terms, whereas for the convective fluxes, the scheme implemented in the ISIS-CFD code is the
Gamma Differencing Scheme (GDS) [26]. Through a Normalized Variable Diagram (NVD) analysis, this
scheme enforces local monotonicity and convection boundedness criterion.
The velocity field is obtained from the momentum conservation equations, and the pressure field is ex-
tracted from the mass conservation constraint, or continuity equation, transformed into a pressure-equation.
The pressure equation is obtained in the spirit of Rhie and Chow [27]. Momentum and pressure equations
are solved in an segregated manner as in the SIMPLE coupling procedure [28].
A second-order backward difference scheme is used to discretize time. All spatial terms appearing in
equations (8a) and (8b) are treated in a fully implicit manner. In this paper, we only use the steady equations.
Therefore, the velocity
−→
U d and the first term in the equations (8a) and (8b) are null.
The numerical implementation is detailed by Queutey & Visonneau [29], other researchers of the EMN
group of the laboratory.
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4.2 Turbulence Modeling
Several turbulence closures are included in the flow solver, ranging from linear eddy-viscosity based models
to full second-order closures [30]. For these studies, the Explicit Algebraic Stress Model (EASM) model has
been chosen. Previous studies of the EMN group [30–32] have shown that anisotropic turbulence closures
(such as Reynolds Stress Transport Models (RSTM) or Explicit Algebraic Stress Models (EASM)) are the
most reliable statistical turbulence modeling for predicting three-dimensional flows such as ship flows, when
intense longitudinal vortices spread out in the aft part of the ship.
In the EASM approach, the Reynolds stress tensor is given by:
τi j =
2
3
kδi j−2νt
[
Si j+a2a4
(
SikWk j−WikSk j
)−2a3a4(SikSk j− 13SmnSmnδi j
)]
(9)
Si j andWi j are the strain rate and rotation rate tensors defined respectively as:
Si j =
1
2
(
∂ui
∂x j
+
∂u j
∂xi
)
Wi j =
1
2
(
∂ui
∂x j
− ∂u j
∂xi
)
(10)
The turbulent eddy viscosity is determined from:
νt = max
(
−kα1,0.0005k
2
ε
)
(11)
where α1 is obtained from the solution to the following cubic equation:
(α1
τ
)3
+ t
(α1
τ
)2
+ s
(α1
τ
)
+ r = 0 (12)
where τ = k/ε is the turbulence time scale, and
t =− γ1
η2τ2γ0
, s=
1
(2η2τ2γ0)2
(
γ21−2η2τ2γ0a1−
2
3
η2τ2a23+2R
2η2τ2a22
)
, r =
γ1a1
(2η2τ2γ0)2
The root of equation (12) may be real or complex. The correct root is the root with the lowest real part [33].
The parameters are given by
η2 = Si jSi j, {W2}=−Wi jWi j, R2 =−{W2}/η2,
a1 =
1
2
(
4
3
−C2
)
, a2 =
1
2
(2−C4) , a3 = 12 (2−C3) , a4 =
[
γ1−2γ0(α1/τ)η2τ2
]−1 τ,
γ0 =C11/2, γ1 =C
0
1/2+(Cε2−Cε1)/(Cε2−1) ,
Cε1 = 1.44 Cε2 = 1.83 C01 = 3.4 C
1
1 = 1.8 C2 = 0.36 C3 = 1.25 C4 = 0.4
(13)
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To implement the EASM model, the turbulent velocity and length scales are determined by using two
transport equations, the k-ω BSL model proposed by Menter [34]. Compared to the original model, only
two natural modifications are introduced. Firstly, the turbulent eddy viscosity νt is replaced by the value
given by (11). Secondly, the contribution of the nonlinear part of the Reynolds stress used to turbulence
production is taken into account in three-dimensional flow computation. The EASM model implemented
can be integrated down to the wall and gives correct log law behaviors without any recalibration. Details of
this model can be found in [32].
The CPU cost of the EASM model is 30% higher than the k-ω of Menter.
5 Computational Details
The computational domain starts at 4.4 × L from the origin 0 in front the model and extends to 5.9 × L
behind the model. The width of the domain is 3 × L and its height is 1.6 × L, see Figure 2. The mesh is
generated using HEXPRESSTM , an automatic unstructured mesh generator. This software generates meshes
containing only hexaedrals. For the surface of the model, we use a no-slip boundary condition, and the wall
normal resolution is set to 0.006 mm, i.e. y+ = 0.5. For the wind tunnel floor, we use a wall function,
and the distance between the floor and the first fluid points is set to 0.6 mm. This approach, used to take
the walls into account, is the same as the approach proposed by Krajnovic´ and Davidson [19], who use the
LES approach around a generic ground model. At the outlet of the computational domain, the pressure is
prescribed, while for the other boundaries we use a Dirichlet condition for velocity and turbulence.
The normalized experimental and numerical velocity profiles of the boundary layer on the floor of the
wind tunnel, at Xo = - 670 mm, and Yo = 10 mm, are given in Figure 3. The results are obtained for an
upstream velocity Vo = 20 m/s and the model at the yaw angle β = 30◦. The flat plate 1/7th power law
boundary layer profile is also given. The numerical result is typical of a turbulent boundary layer submitted
to a weak positive pressure gradient, with a modification of the velocity gradient and an increase of the
shape factor, see Cousteix [35]. The position of the underbody of the model given in Figure 3 shows that
the consequences of the discrepancies between the experiments and the present simulation should be limited
to the underbody flow and should have only a weak influence on the rest of the model.
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In order to establish a grid-independent solution, computations have been performed at the yaw angle β
= 10◦ for four meshes with approximately 1.6 × 106 points, 6.6 × 106 points, 10.8 × 106 points, and 19.3
× 106 points, which are named G0, G1, G2, and G3, respectively. Close to the wall of the model, the fine
computational grid has ∆x = 1.6 mm in the streamwise direction and 0.7 mm≤ ∆y≤ 1.7 mm in the direction
parallel to the surface and normal to the streamwise direction. The maximum size, ∆x = ∆y = ∆z = 0.1 m,
are located at the top of the computational domain. The number of points of the mesh in the boundary layer
is approximately 25 for the fine computational grid. The grid G3 is distributed on 60 blocks, the grid G2 on
34 blocks, the grid G1 on 20 blocks and the grid G0 on 8 blocks. The characteristics of these meshes are
detailed in Table 2.
In this study, the computations are steady simulations. Consequently, any time step is used. To obtain
converged results, 7000 non-linear iterations are necessary. For the fine mesh, the CPU time is 70 hours on
an IBM Power 4.
Figure 4 presents the pressure coefficient along the curve (Pt) of the model (see Figure 1) versus the
mesh for β = 10◦. We note that the prediction of the pressure along the curve (Pt) is independent of the
mesh used. We only have a small difference near the base of the model with the coarse mesh.
Table 3 presents the drag coefficient versus the mesh. We note that the solution converges when the grid
is increasingly fine. According to these results, all the numerical results presented thereafter were obtained
on grids similar to the grid G3, i.e. with approximately 20 million points.
6 Results
6.1 Flow Structure
An experimental and a numerical reconstruction of the separated flow and of the wake obtained at β =
30◦ is performed from tomographies of total pressure coefficients Cpi drawn in Eiffel planes (Yo, Zo), see
Figures 5. The experimental tomographies are post-processed in order to suppress the noise measured out-
side the body, and experimental values are set to zero when the total pressure coefficients are in the range
∆Cpi = ±0.04. This general view shows that the numerical model reproduces the physics of the experi-
mental three-dimensional turbulent wake. We note that the direction of the wake is strongly deviated by the
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upstream velocity. The diffusion of the numerical model is lower than the diffusion observed experimen-
tally. This result must be considered as a quality of the solver even if the turbulence level of the wind tunnel
produces more mixing of turbulence scales.
The details of the formation of the leeward side wake and of the vortices shedding are described in
Figure 6 where pseudo-streamlines are drawn in Lilienthal (Y, Z) planes at X/L = 0 which is at mid-length
of the body, at X/L = 0.30, and at X/L = 0.45 which is close to the base of the model. The yaw angle
evolves from β = 10◦ to β = 30◦. The rotation of the vortices is defined for an observer looking at the model
backward.
The figures corresponding to the yaw angle β = 10◦ show that the boundary layer does not separate on
the leeward side of the body, except at the level of the base where the vortex (V3) is shed at the confluence
of the underbody and the leeward side of the body. The tomographies of total pressure drawn in Figure 7 at
Xo/L = 0.60, just downstream the base of the model, confirm the thickening of the boundary layer on the
leeward side. The flow separates at the level of the base and a weak vortex (V2) is shed. The vortex (V3) is
visible both in numerical results and experiments even if the diffusion is larger in experiments. The small
loss of total pressure noted (V) in Figure 7(b) obtained at β = 10◦ is due to an interaction of an upstream
obstacle with the boundary layer of the wind tunnel.
At β = 15◦, the vortex (V3) which is visible at X/L = 0 shows that the separation observed for β = 10◦
moves upstream. As seen at X/L = 0.30 and X/L = 0.45, this vortex (V3) separated from the body and is
transported in the direction of the free stream. A vortex (V2), fed in vorticity by the boundary layer, remains
attached to the wall of the model as shown in the cross flows obtained at X/L = 0.30 and X/L = 0.45.
At β = 20◦, the intensity of the vortex (V2) increases. It remains attached to the wall and consequently
its loss of total pressure increases from X/L = 0.30 to the abscissa X/L = 0.45. The vortex (V3), which is
attached at the level of the abscissa X/L = 0.00, separates from the body, and is convected in the direction
of the free stream. Its loss of total pressure decreases from X/L = 0.30 to X/L = 0.45. The vortex (V1) is
also visible in the crossflow drawn at X/L = 0.45. The total pressure tomographies obtained at Xo/L = 0.60
and drawn in Figure 8 confirm this analysis. A stronger vortex (V2) is shed while the free vortices (V1) and
(V3) are diffused.
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The cross flows obtained at a yaw angle β = 25◦, are close to those obtained at β = 20◦. The cross
flow drawn at X/L = 0.00 shows that the vortex (V2) moves upstream. Its intensity increases and it remains
attached to the body. The vortex (V3) becomes stronger, and is almost diffused at X/L = 0.45.
The results obtained at the yaw angle β = 30◦ are described through cross flows in Figures 6, tomogra-
phies drawn in Figures 9, 11, 12, and wall friction lines in Figure 10. The cross flows drawn in Figure 6
show that the intensities of the vortices continue to increase, and that the main vortex (V2) remains attached
to the wall. The vortex (V3) which appears at X/L = 0.30 in Figure 6 is diffused at X/L = 0.45 and is visible
in the numerical and experimental tomographies of total pressure drawn in Figure 9. The vortex (V1) which
is visible in Figure 9(a) is diffused in the experimental results, see Figure 9(b).
Secondary vortices (V4) and (V5) which are linked to vortex (V2), are visible at X/L = 0.30 and at X/L
= 0.45, see Figure 6. These cross flows are linked to the wall friction lines drawn in Figure 10 where (S1)
and (S2) are separation lines and (A1) and (A2) are attachment lines. The main counter-clockwise vortex
(V2), the secondary vortices (V4), which is counter-clockwise, and (V5), which is clockwise, are shed from
the separation lines (S1) and (S2). The saddle point noted (Sa) noted in Figure 6 at X/L = 0.45 guarantees
the topology of the cross flow.
The results obtained at β = 30◦ are completed by the tomographies drawn in Figure 11, obtained in the
wake at X/L = 0.65. During its transport, the numerical vortex (V2) keeps its own individuality and is not
mixed with the two counter-rotating vortices emitted from the base, see Figure 11(a). In a similar manner,
these two counter-rotating vortices also remain separated, as confirmed by the attachment line (A3) shown
in Figure 10. In our experiments, the vortex system emitted from the base and the vortex (V2) approach an
isotropic state more rapidly [36]. Finally, all the vortices emitted in the wake gather in a unique structure
linked to the floor boundary layer as shown in the three-dimensional views in Figure 5.
The numerical and experimental tomographies obtained in a horizontal plane at Zo = -14.5 mm, at mid-
point of the ground clearance, are drawn in Figure 12. The position of the cross section Xo/L = 0.55 is given
in order to locate the vortices (V1), (V3), and (V6), see Figure 9. Again, if the directions of the wakes of
the feet (f) and of the cylinder (c) are correct, the numerical diffusion is lower than the diffusion revealed
in the experiments. This fact, which is common to the entire computation domain, is overstated here by the
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loss of velocity, and in turn by the decrease of the local Reynolds number, in the boundary layer developed
at the level of the floor, see Figure 3.
6.2 Wall Pressure and Forces
The evolution of the pressure coefficient Cp along the curve (Pt), which is the projection of the curve (A)
on the side of the model, is drawn in Figure 13 for different yaw angles β. Error bars are added on measured
values. The results show that the pressure at the stagnation point is correctly predicted for all the angles,
and that wall pressure is correctly simulated on windward and leeward sides up to β = 15◦. As the yaw
angle increases, the stagnation point moves windward. The negative pressure gradient on the windward
side decreases along the body. Up to β = 15◦, the pressure becomes relatively constant and tends towards
the upstream static pressure p0. The flow is attached on the windward side and the prediction aligns with
the results of the experiments up to β = 30◦.
On the leeward side, the flow separates when the yaw angle is greater than 10◦, as shown by the cross-
flow obtained at X/L = 0.30, see Figure 6. The negative pressure gradient increases, and simulations and
experiments align until the change of the sign of the pressure gradient. At approximately X = -200 mm,
the rise of adverse pressure is the indication of a flow separation. The difference between experiments and
simulations which is particularly visible at β = 30◦ shows the tendency of the ISIS-CFD flow solver to
over-predict vortex intensity, see Figure 9. This behavior is also observed by Maddox et al [21]. These
authors simulate the flow around a simplified geometry of a ground transport system (GTS), at β = 0◦ and
β = 10◦. Calculations were conducted at a Reynolds number of 2 × 106, based on upstream velocity and
model width. The grid used was made up of 6× 106 cells. Pressure coefficients are well-predicted at β = 0◦
but at β = 10◦ the DES and RANS simulation techniques calculate a overly large separated region near the
front corner of the model, and consequently negative values of the pressure coefficients greater than those
shown in the experiments. It must be noted that these discrepancies on the leeward side of the GTS are
increased by the fact that the front of the model used by Maddox et al [21] is not streamlined compared to
the Willy model.
The drag coefficient and the side force coefficient, in the Lilienthal axis, are given in Figures 14, where
error bars are included. The drag, see Figure 14(a), increases up to the yaw angle β = 20◦. After this angle,
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the drag decreases. This behavior is typical of a square-back model [1]. For the small yaw angles and up
to β = 20◦, the numerical prediction under-predicts the drag and over-predicts this force for a larger yaw
angle. We can connect this behavior with the prediction of production and transport of vorticity when the
yaw angle increases, see Figure 6. In fact, for a yaw angle less than β = 10◦, only the vortex (V3) appears on
the leeward side of the model and separations are limited to the base. For β = 15◦, the vortex (V2) remains
weak at X/L = 0.30 and X/L = 0.45. The drag is then under-estimated compared to the experimental data.
When the yaw angle is greater than β = 20◦, the intensity of the vortex (V2) increases and a larger amount
of vorticity is shed and transported in the wake. This fact leads to an overestimation of the drag. This result
is a classic defect of RANS simulations, see Maddox et al [21]. The side force, see Figure 14(b), shows a
linear evolution. We note that the experimental value of the slope is (dCy/dβ)exp ∼ −2.36 rad−1, and the
numerical value of the slope is (dCy/dβ)num ∼−2.94 rad−1. The yawing moment versus the yaw angle is
presented in Figure 15. This coefficient rises linearly with β up to β = 25◦. The linearity of the side force
and the yawing moment are typical characteristics of real vehicules [1]. The slope of the experimental curve
is (dCN/dβ)exp ∼ 0.40 rad−1 and (dCN/dβ)num ∼ 0.43 rad−1 for the numerical curve. The values of the
slopes measured for the Willy model align with the values commonly obtained on real vehicles. For the
yaw angle β = 30◦, the flow solver tends to under-predict the value of the yawing moment. One hypothesis,
in accordance with Figure 13(f), is that the intensity of the computed vortex (V2), see Figure 10, on the
leeward side of the model is too large compared to the experimental vortex. On real cars, this loss of CN is
also observed when additional vortices are shed from separations on sharp edges at the back of a fastback
vehicule.
6.3 Influence of the Cylinder (c) for β = 30◦
The friction lines obtained at β = 30◦ on the underbody of the model, see Figure 10, shows that the wake of
the cylinder (c) used to protect the pressure tubes interacts strongly with the wakes of the feet (f1) and (f2),
which are upstream the cylinder, and that the cylinder itself interacts with the foot (f3) which is downstream.
In future experiments dealing with the analysis of unsteady side gusts of wind these interactions could
deform conclusions concerning the unsteadiness of the wake. This fact is confirmed by the reading of the
numerical friction lines obtained without the cylinder (c) at β = 30◦, see Figure 16. Comparing of this
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result with Figure 10 shows that the friction lines on the underbody are changed, the consequences being
the formation of a separation line (S3) starting at the foot (f1) and finishing at the foot (f3). Moreover,
the change of the relative positions of the singular friction lines (A2), (S2), (A1) and (S1) indicates a
modification of the structure of the vortex system composed of the main vortex (V2) and of the secondary
vortices (V5) and (V6), see Figure 6 and the frames obtained at β = 30◦.
Comparing Figure 9 and Figure 17 where the numerical tomographies obtained at Xo/L = 0.55 are
drawn, just downstream the base, shows the changes of the wake when cylinder (c) is removed. When the
cylinder is present, the vortex (V3) which amalgamates the wakes of the cylinder and of the feet (f1) et (f2)
is intense and the loss of total pressure isCpi = 1.2 at the level of its center C, see Figure 9(a) and Figure 12.
Without the cylinder, this vortex, named (V3) in Figure 17, is weak and amalgamates the wakes of the feet
(f1) and (f2) only. The pressure coefficient in its center is close to Cpi = 0. Finally, the trajectory of vortex
(V1) is not deviated by the wake of the cylinder and moves from about Y = + 15 mm, see Figure 9(a), to Y =
-10 mm, see Figure 17. The trajectory of the wake (V6) of the foot (f4) is not changed. Future experiments
analysing the physics of unsteady side gusts will be performed on the Willy model and it appears that the
presence of the cylinder will deform the analysis concerning the effects of phase shift or hysteresis linked
to the unsteadiness of the wake. To conclude this point, the cylinder will be removed, the wall pressure
measurements will be performed by dynamic pressure transducers placed inside the model, and electric
wires will pass through the feet of the model.
7 Conclusion
This paper presents numerical simulations and experiments on a square-back model which has been de-
signed for the analysis of side wind effects on automobiles. Simulations are performed using Reynolds-
Averaged Navier-Stokes equations, and the steady flow on the model is investigated at several yaw angles
from 0◦ to 30◦. The ECN ISIS-CFD flow solver, used to perform calculations, is based on the finite volume
method to build the spatial discretization of the transfer equations. A particularity of this solver is to per-
mit the use of hybrid conditions for wall boundaries. Experiments, used as reference, were carried out at
the CNAM. The numerical simulations are reproduced under the same conditions as the experiments. The
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numerical forces and moment coefficients, wall pressure and the total pressure in the wake are compared
with experimental data. The results confirm the ability of the ISIS-CFD code to capture the physics of three
dimensional separated flows around a square-back body for which the leeward separations take place on
smooth surfaces and are not induced by sharps corners except at the base. The typical characteristics of the
model, such as drag, side force and yaw moment coefficients are correctly reproduced. Nevertheless, the
code is less diffusive than experiments and for large yaw angles over-predicts the vorticity shed leeward.
A direct consequence is the over-production of side force. These results also show that the feet which are
necessary to secure the model in the wind tunnel modify the flow around the body at large yaw angles and
must be taken into account in numerical simulations. However, the cylinder (c), which is used to protect the
pressure tubes passing from the pressure taps to the multi-manometer strongly perturbs the flow and must be
removed in the future. All these results show the great interest of conducting experiments and computations
in parallel.
The work presented in this paper is a first step for which the final objective is the numerical simulation of
unsteady flow around a model submitted to side wind and the clear ability of numerics to capture hysteresis
or phase phenomena for 3D flows.
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Geometry
The geometry of theWilly square-back model is available at the site http://www.cnam.fr/laboaero/willy.htm.
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(a) Side view
(b) Bottom view
(c) Cross section at the point M
Figure 1: Model definition
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(a) Side view
(b) Top view
Figure 2: Wind tunnel and model
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Figure 3: Boundary layer profile at Xo= -670 mm at the yaw angle β = 30◦
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Figure 4: β = 10◦: Pressure coefficient along the curve (Pt) versus the mesh
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(a) Numerics
(b) Experiments
Figure 5: β = 30◦: 3D view of the wake
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X/L = 0.00 X/L = 0.30 X/L = 0.45
β = 10◦
β = 15◦
β= 20◦
β = 25◦
β = 30◦
Figure 6: Crossflows for several yaw angles
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(a) Numerics
(b) Experiments
Figure 7: β = 10◦: Tomography at Xo/L = 0.60
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(a) Numerics
(b) Experiments
Figure 8: β = 20◦: Tomography at Xo/L = 0.60
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(a) Numerics
(b) Experiments
Figure 9: β = 30◦: Tomography at Xo/L = 0.55
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Figure 10: β = 30◦: Friction lines
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(a) Numerics
(b) Experiments
Figure 11: β = 30◦: Tomography at Xo/L = 0.65
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(a) Numerics
(b) Experiments
Figure 12: β = 30◦: Tomography at Zo = -14.5 mm
Guilmineau 34 FE-07-1184
(a) β = 0◦ (b) β = 10◦
(c) β = 15◦ (d) β = 20◦
(e) β = 25◦ (f) β = 30◦
Figure 13: Pressure coefficient along the curve (Pt)
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(a) Drag coefficient
(b) Side force coefficient
Figure 14: Force coefficient versus the yaw angle
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Figure 15: Yawing moment versus the yaw angle
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Figure 16: β = 30◦: Friction lines (without the cylinder (c))
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Figure 17: β = 30◦: Tomomgraphy at Xo/L = 0.55 (without the cylinder (c))
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Table 1: Dimensions of the test model (data in mm)
L W H C D E F G J K φ1 φ2
675 240 192 415 550 140 140 29 118 345 20 40
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Table 2: Characteristics of the four meshes
G0 G1 G2 G3
Number of points 1,609,155 6,651,159 10,808,408 19,273,500
Number of points on the model 30,905 102,522 205,366 342,432
Number of points on the plate 20,848 49,857 61,313 98,664
Number of cells 1,549,482 6,478,457 10,503,589 19,240,045
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Table 3: β = 10◦: Drag coefficient versus the mesh
G0 G1 G2 G3
Cx 0.434 0.397 0.384 0.378
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